A detailed analysis of the loading mode dependence of the deformation mechanisms in randomly textured cast magnesium is presented. An elasto-plastic self-consistent model (EPSC) is used to model the dislocation slip and twinning activity, respectively. The results are quantitatively compared with experimental data obtained by in-situ neutron diffraction (ND) and acoustic emission (AE). Both EPSC calculations and ND line profile analysis show an increased activity of prismatic slip with increasing strain and a loading mode dependence of the activation of the second-order pyramidal slip. The AE measurements and the modeling indicate a difference in the number of nucleated twin variants and the twinned volume in tension and compression.
Introduction
Magnesium alloys represent the lowest density structural metals (along with toxic beryllium) and, thus, is a highly interesting material for transportation industry, where the fuel saving achieved through weight reduction is among the most important tasks (Mordike and Ebert, 2001; Hirsch and Al-Samman, 2013) . Nevertheless, their widespread application is limited by the higher production costs in comparison to aluminium alloys and steels, caused especially by low formability of magnesium alloys at ambient temperature (Hirsch and Al-Samman, 2013) . Despite the efforts of the scientific community in the last several decades the study of the deformation properties of magnesium alloys is still a challenging task. Their hexagonal closed packed (hcp) structure and ratio of the crystallographic axes c/a close to ideal cause a unique deformation behavior completely different from the other cubic (e.g. fcc, bcc) metals. At room temperature, the ð0001Þ〈1120〉 basal slip is the most easily activated system, followed by f1010g〈1120〉 prismatic and first-order f1011g〈1120〉 pyramidal slip systems (Avedesian and Baker, 1999; Chapuis and Driver, 2011) . Since all of these systems combined provide deformation within the basal plane and offer not more than four independent slip systems, the von Mises criterion of five independent slip systems for homogeneous deformation is not fulfilled and a deformation along the c-axis is not possible. The slip in the second-order (f1122g〈1123〉) pyramidal system would satisfy the von Mises criterion. Nevertheless, the activation of the <cþa> dislocations is rather difficult owing to the high critical resolved shear stress (CRSS) (Chapuis and Driver, 2011) . Thus, deformation twinning is a preferred mechanism that accommodates deformation out of the basal plane. In magnesium, the f1012g-type extension twinning, associated with extension along the c-axis and reorientation of the lattice by 86.3 and f1011g-type compression twinning, resulting in contraction along the c-axis and tilting of the lattice by 56 are the most often reported and studied twinning mechanisms (Christian and Mahajan, 1995) .
The activation of the above listed mechanisms significantly depends on the various microstructural features (initial texture (Kelley and Hosford, 1968) , grain size (Mur ansky et al., 2010a; Dobro n et al., 2011) , alloying content (Akhtar and Teghtsoonian, 1969; C aceres and Luk a c, 2008; Stanford and Barnett, 2013) ) and the experimental conditions (strain path (C aceres et al., 2008; Proust et al., 2009) , strain rate and testing temperature (M athis et al., 2006; Khan et al., 2011; ). The dependence of the twinning on the initial texture manifests macroscopically in the well-documented plastic anisotropy (different strength in different directions) and asymmetry (different yield strength in tension and compression along a particular direction). On the microscopic scale, the orientation of the surrounding grains significantly influences the nucleated twin variant and its growth. As it was proved recently both experimentally (Mu et al., 2012) and theoretically , that the twin variant which nucleates with the highest probability is the one which requires the least accommodation work in the neighboring grain and for which the accommodation of the twinning strain is the easiest. For example, the growth of the twin variants which induce hard deformation modes, such as prismatic slip, in the adjacent grains, is hindered.
The study of the dislocation slip is also essential. There is a general agreement in the key role of the basal <a> slip in the plasticity of magnesium. Nevertheless, numerous papers highlight the onset of the prismatic <a> slip in the vicinity of the macroscopic yield point (e.g. (Agnew et al., 2006; Clausen et al., 2008; Balik et al., 2012) and its role in the twin growth (Xu et al., 2013) . Despite the high resolved shear stress of the second-order pyramidal slip system at ambient temperatures, the <cþa> slip was found active during later stage of the compressive deformation, when the primary twinning mechanism is exhausted (El Kadiri and Oppedal, 2010; Oppedal et al., 2012a) . Naturally, the interaction between twins and dislocations should also be taken into account. First of all, the twin boundaries can act as barriers for gliding dislocations (Serra and Bacon, 2010) . Furthermore, the matrix dislocations can transmute upon the passage of a twin front and cause latent hardening in the twin, as it was suggested recently by Niewczas (2007) , El Kadiri and Oppedal (2010) , Oppedal et al. (2012a) .
In the last decade, several different theoretical models were worked out for description of twinning and dislocation slip phenomena in hexagonal materials. The atomistic calculations (Serra et al., 1991; Tom e et al., 2011; Xu et al., 2013) describes the fundamental mechanisms of twin nucleation, growth and twin boundaryedislocation interactions. The various crystalplasticity models use different approaches, as Taylor model (e.g. (Levesque et al., 2010) ), finite element method (Staroselsky and Anand, 2003; Fernandez et al., 2011; Hama and Takuda, 2011; Mayama et al., 2011) or self-consistent models (Lebensohn and Tome, 1993; Agnew et al., 2006; Clausen et al., 2008; Proust et al., 2009; Oppedal et al., 2012a; Wang et al., 2013a Wang et al., , 2013b . The use of the self-consistent models has developed particularly. Early examples focused only on texture evolution ( (Agnew et al., 2001; Styczynski et al., 2004) , then additional focus was placed on anisotropy, strain hardening, and the twinning caused reorientation during monotonic loading (Lebensohn and Tome, 1993; Agnew and Duygulu, 2005; Clausen et al., 2008; Neil et al., 2010) . The most recent models can also successfully describe the stress-strain behavior during strain-path change (Proust et al., 2009 ), including the de-twinning phenomenon (Wang et al., 2013b) , and the twin e dislocation interaction and the dislocation transmutation (Oppedal et al., 2012) .
The experimental study of the deformation mechanisms includes both ex-situ (e.g. optical light, scanning or transmission electron microscopy) and in-situ techniques (e.g. diffraction methods, acoustic emission etc.). The main drawback of microscopy methods in studying twinning and dislocations is the relatively small observed volume in the specimen. On contrary, the irradiated volume in the diffraction experiments provides statistically representative data. The X-ray line profile analysis, pioneered by Ung ar (2004), was successfully used for ex-situ analysis of the temperature dependence of the dislocation structure evolution during uniaxial tensile test of magnesium alloys (M athis et al., 2006; Gubicza et al., 2010) . The neutron diffraction (ND) technique was used first by Gharghouri et al. for study of twinning in MgeAl alloy (Gharghouri et al., 1999) . In this type of experiment, the overall twinned volume can be determined from the intensity variations of particular peaks, caused by the crystal lattice reorientation during twinning (Gharghouri et al., 1999; Mur ansky et al., 2010b; Agnew et al., 2013) . Furthermore, the activity of a particular slip system manifests as a deviation of the lattice strains from the ideally elastic response (Agnew et al., 2006) . Mur ansky et al. (2010a) introduced acoustic emission (AE) as a useful complementary experimental technique to ND during in-situ testing of the wrought Mg alloy, ZM20. The main advantages of the method are the high time resolution and sensitivity to twin nucleation and collective dislocation motion (Lou et al., 2007) . A recent statistical method worked out by Pomponi and Vinogradov (2013) was successfully applied for the determination of the dominant deformation mechanisms from the AE signal at the various stages of deformation (Vinogradov et al., 2013a (Vinogradov et al., , 2013b .
The experimental validation of the constitutive modeling results includes comparison of calculated and experimental stress-strain curves and diffraction data (pole figures, lattice strain evolution) (Agnew et al., 2006; Mur ansky et al., 2010b) .
The majority of the recent research is devoted to the characterization of wrought alloys. Nevertheless, owing to their strong texture certain deformation modes remain inactive or their study is rather difficult (e.g. extension twinning during tensile test). In our last work ( Capek et al., 2014) , we focused on the investigation of loading mode dependence of the extension twinning in randomly textured cast magnesium. A Schmid-factor analysis was successfully applied for the explanation of the difference between the twinned volumes in tension and compression. However, the assumption about the loading mode dependence of the number of nucleated twin variants published in this paper required further proof. The activation of different slip systems was also not analyzed in that paper.
Thus, in the present work the main emphasis is given to the quantitative comparison of the activity of particular slip systems calculated using elasto-plastic self-consistent (EPSC) model (Neil et al., 2010) and evaluated from in-situ recorded neutron patterns using line profile analysis. Furthermore, a novel and sophisticated analysis of AE data is presented, which reveals the dynamics of deformation mechanisms during straining and can independently confirm the conclusions obtained for the twinning in our previous papers.
Experimental procedures and modeling

Tensile and compression testing
Randomly textured cast polycrystalline magnesium was used for the experiments. The inverse pole figures (IPF), measured using neutron diffraction and characterizing the initial state of the specimens (Fig. 1) , do not show any preferential orientation. The moderate grain size of 110 ± 5 mm was achieved with adding 1 wt.% Zr to the melt. The testing was carried out using cylindrical specimens with a diameter of 9 mm and gauge length of 20 mm. Tensile and compression testing were carried out using a horizontal 250 kN capacity load frame at a strain rate of 1 Â 10 À3 s À1 in strain control mode. In order to collect ND data with good enough statistics, the tests were stopped at predefined strain levels (0.1, 0.5, 1, 2, 3, 4, 5, 6%) for approx. 60 min.
Neutron diffraction experiments
In-situ neutron diffraction measurements were carried out at the SMARTS engineering instrument (Bourke et al., 2002) in the Lujan Neutron Scattering Center. The mutual orientation of the longitudinal axis of the sample and the incident beam was 45 . Two detector banks were positioned at ±90 to the incident beam in order to record diffraction pattern in both parallel (bank 2) and perpendicular (bank 1) to the loading direction (for scheme of the experimental setup see ). The first and the second detector banks are also referred to as radial and axial detectors, respectively, because of the measured component of the lattice strain.
The neutron diffraction patterns obtained for the Mg samples deformed up to the strain of 6% were evaluated by the Convolutional Multiple Whole Profile (CMWP) fitting method (Rib arik et al., 2004; Balogh et al., 2006) . In this procedure, each diffraction pattern is fitted by the sum of a background spline and the convolution of the instrumental pattern and the theoretical line profiles related to crystallite (coherent scattering domain) size and dislocations (as manifested by the microstrain fields which surround them). The instrumental profiles were measured on a well-annealed CaF sample with sufficiently large grains. The theoretical profile functions used in this fitting procedure are calculated on the basis of a model of the microstructure, where the crystallites have spherical shape and log-normal size distribution and the microstrains are caused primarily by dislocations. It is noted that the fitting in the present study revealed that there is no considerable crystallite size broadening of the diffraction peaks due to the very large grain size of the investigated Mg samples (i.e. the cell size is larger than the detection limit of peak profile analysis). The twin boundary spacing also remained above the detection limit of the present peak profile analysis (~500 nm). The CMWP fitting procedure gave the dislocation density (r), and the parameters q 1 and q 2 which can be used for the determination of the fractions of dislocations in the different slip system families. In the following, a short description of the procedure used for the calculation of the dislocation fractions is given.
The strain broadening of the diffraction line profiles with the indices hkl is determined by the mean-square-strain (〈ε 2 g;L 〉) in the lattice in the direction of the diffraction vector g. It is noted that in the present neutron diffraction study three indices will be used for the identification of reflections. If microstrains are caused by dislocations, the mean-square-strain can be given as:
where
and r, b and R e are the density, the modulus of Burgers vector and the effective outer cut-off radius of dislocations, respectively, L is the Fourier variable and C hkl is the dislocation contrast (or orientation) factor (Wilkens, 1969) . The function f(h) is referred to as Wilkens function. In a crystal, the volume studied by X-ray diffraction contains numerous dislocations in different slip systems. Therefore, the mean-square-strain in Eq.
(1) should be averaged in the whole irradiated volume. For the simplicity, let us assume that the outer cut-off radius of dislocations, R e , is the same for all dislocations in the investigated volume. Then, the mean-square-strain can be given as:
where r is the average dislocation density in the irradiated volume and < > indicates averaging over all the slip systems which are populated by dislocations with the weights equal to the contributions of the slip systems to the total dislocation density. The subscript j denotes the jth slip system in the crystal. In hexagonal crystals there are eleven families of slip systems on basal, prismatic and pyramidal planes with three different Burgers vectors (Klimanek and Kuzel, 1988) . The eleven dislocation slip system families can be classified into three groups based on their Burgers vectors:
. Using the notation of Dragomir and Ung ar (2002) , 4, 2 and 5 slip system families in the <a>, <c> and <cþa> Burgers vector groups are considered (Table 1) .
For randomly oriented polycrystalline materials it can be assumed that all slip systems in each family are populated equally with dislocations therefore 〈C hkl;j b 2 j 〉 can be expressed by the average dislocation contrast factors of the slip system families as: Table 1 The notation, the Burgers vector, the slip plane and the number of slip systems for each hexagonal slip system family (Dragomir and Ung ar, 2002 
where C hkl;j is the average dislocation contrast factor for the jth slip system family which can be expressed as (Dragomir and Ung ar, 2002) :
where q 1,j and q 2,j are two parameters depending on the anisotropic elastic constants of the crystal and the type of dislocation slip system family. z ¼ (2/3) (l/ga) 2 , where a is the lattice constant in the basal plane. C hk0;j is the average dislocation contrast factor of the hk0 type reflections for the jth slip system family. The theoretical values of C hk0;j , q 1,j and q 2,j for the eleven possible slip system families in the most common hexagonal materials have been calculated according to the work of Kuzel and , and listed in Dragomir and Ung ar (2002) . In the CMWP fitting procedure 〈C hkl;j b 2 j 〉 is expressed as the product of the measured average dislocation contrast factor (C 
where q m 1 and q m 2 are the measured values of q 1 and q 2 . The polynomials in the two sides of Eq. (6) give the same values, if the coefficients of the terms with the same degrees are equal. This condition yields the following equations:
There is no equation for C m hk0 , since it is not an independent parameter in the evaluation of line profiles (C m hk0 is multiplied with the dislocation density in Eq. (1)). The eleven values of f j cannot be determined from the three formulas in Eq. (7), therefore additional restrictions are made for f j . It is assumed that in each Burgers vector group the non-zero fractions are equal. This assumption reduces the number of variables to three, which are denoted by f a , f c and f cþa . A computer program was elaborated in order to determine the distribution of dislocations among the different slip system families from q m 1 and q m 2 (M athis et al., 2004) . The program referred to as Hexburger first selects some slip system families from <a> dislocation group and for these slip systems the weights are f a . For other slip systems in this group the weights are zero. This procedure is also carried out for <c> and <cþa> Burgers vector groups where the non-zero weights are f c and f cþa , respectively. Inserting the theoretical values ofC hk0;j , b j , q 1,j and q 2,j into Eq. (7), the values of f a , f c and f cþa are determined. If these fractions have positive values the program stores them as one of the possible solutions. The number of the possible selections from the dislocation slip systems equals (2 4 -1) (2 2 -1) (2 5 -1) ¼ 1395. Finally, the positive solutions for the weights can be averaged for each slip system family, leading to the fractions of the eleven dislocation types. The fractions of the three Burgers vector groups, h a , h c and h cþa , are obtained by the summation of the fractions of the related slip system families.
Acoustic emission measurements
In a separate deformation test, a broadband AE sensor from Dakel company was mounted on the outside the gauge length using vacuum grease and an elastic band. The AE amplified by 40 dB in the frequency range 100e1200 kHz. The AE acquisition took place in a so-called data streaming regime, where the data were recorded continuously with 18 bits amplitude resolution and 2 MHz sampling rate.
The classical AE testing includes a hit-based processing, when the 'useful' signal is extracted from the background using a threshold level and hit definition time (HDT) and reduced for waveforms, having characteristic parameters, as amplitude, duration, rise-time, counts etc. In materials science, this approach can be successfully applied for general characterization, when the main goal is the investigation of the influence of the experimental and material parameters on the deformation behavior (e.g. (Dobro n et al., 2007; Chmelik et al., 2007) ). Nevertheless, the hit-based AE recording has several drawbacks: (i) in most cases, there is no direct link between the source mechanism and the AE parameters; (ii) the proper setting of the signal extracting parameters is rather difficult, when multiple, strong sources are simultaneously active. Since there is a general agreement that particular AE processes produce different waveforms (Scruby et al., 1981) , the first issue is usually solved by use of a spectrum-based analysis, when the characteristic features of frequency domain of the waveforms are investigated. The threshold setting problem can be sorted out using continuous data streaming, when the raw signal is recorded without pre-defined threshold level and the characteristic parameters are evaluated during post-processing. The price for this solution is a huge amount of information arriving at 1e10 Msamples/s rate and the need for new approaches for quantitative characterization of the acquired time series. In the present work, the data were evaluated following the adaptive sequential k-means (ASK) procedure developed recently by Vinogradov et al. (Pomponi and Vinogradov, 2013; Vinogradov et al., 2013a Vinogradov et al., , 2013b . The continuously streamed data were sectioned into consecutive individual realizations ("frames") containing 2048 samples with 1024 overlapping points. Afterwards their power spectral density (PSD) function G(f) was calculated for each frame. From the PSD function the AE energy per realization E referred to 1 U nominal impedance and median frequency f m was derived as follows:
Gðf Þdf . Furthermore, the normalized PSDs, defined asGðf Þ ¼ Gðf Þ=E and obeying the condition
ðf Þdf ¼ 1 were calculated as input parameters for statistical analysis of the signals. Owing to the random character of the AE, there is a significant scatter in the waveforms and PSDs. Thus, the discrimination between signals stemming from different sources can only be done on the statistical basis. Various statistical procedures commonly referred to as "clustering" have been proposed in the literature (regardless of details, any clustering aims at grouping like objects and separating unlike ones based on a certain similarity measure), e.g. the k-means (Sibil et al., 2012) , fuzzy c-means (Fotouhi et al., 2012) , pattern recognition (Kontsos et al., 2011) , hierarchical clustering (Lu et al., 2008) or neuron analysis (Lu et al., 2008) . The main advantages of the ASK clustering method applied in this work are the follows: (i) the number of clusters is data driven, i.e. it is not necessary to assume any number of active deformation processes in advance; (ii) the process is non-iterative, i.e. e AE signals are associated with a certain cluster sequentially based on their arrival time. We used the symmetric version of the Kullback-Liebler (KL) divergence d KL to distinguish between the normalized AE spectraG i. (For further details see (Vinogradov et al., 2013b) .) The analysis starts with the statistical characterization of the power spectrum density of the background noise, which gives the first reference point for comparison and the definition of the first cluster centroid. With the chosen distance DðG i ;G j Þ between all class membersG i , the mean distance D and the standard deviation s GG is calculated to obtain the intra-cluster distance R ¼ D þ as GG , where a 2 (0;3) is a constant set as 3 in our work (Vinogradov et al., 2013b) . Every consecutive AE realization is then either assigned to the nearest cluster or used as a seed of a new cluster. It should be noted that the results of the cluster analysis should be verified by other experimental methods in order to warrant their right interpretation.
Electron back-scattered diffraction analysis
The specimens deformed to 1% of applied strain were polished by standard methods down to OPS colloidal silica suspension and finally electropolished in the Struers AC-2-II electrolyte for electron back-scattered diffraction (EBSD) investigations. The EBSD analysis was performed on a Quanta FEG microscope.
EPSC modeling
In the present work the EPSC deformation model (Turner et al., 1994 ) with a twinning scheme and extended to finite strains (Neil et al., 2010) is used for theoretical description of dislocation slip and mechanical twinning on the mesoscopic (grain) level. As described in the above cited works, the model uses the Eshelby inclusion approach (Eshelby, 1957) for description of interaction of each grain (sc. ellipsoidal elastoplastic inclusion), having a particular orientation, with the surrounding polycrystal treated as homogenous equivalent medium (HEM). The macroscopic applied stress and strain is accommodated by the elastic and plastic deformation at the grain level, where the condition for the activation of a particular slip or twinning system is governed by Schmid law, i.e. the resolved shear stress should exceed a critical value. Consequently, grains in "soft-orientation" can yield already at low stresses, whereas the "hard-oriented" grains respond elastically up to high applied stresses. Finally, for the evolution of the instantaneous CRSS t s with the total accumulated plastic strain G within the grain an extended Voce hardening rule applies as follows:
where t s 0 and t s 1 are the initial and back-extrapolated CRSS, respectively. Further fitting parameters are q s 0 and q s 1 , i.e. the initial and asymptotic hardening rates. Since the original EPSC model is suitable primarily for characterization of slip-dominated deformation (Agnew and Duygulu, 2005) , it was extended by Clausen et al. (2008) in order to account for twin domain reorientation and associated stress relaxation. The model assumes nucleation of multiple twin orientations within a single grain and permits the consuming of the parent by twin. The nucleated twins are treated as new grains, having a well-defined crystallographic orientation with respect to their parent grain. The twins are allowed to grow, but the total volume of the parent and the twins is kept constant. The model assumes nucleation of multiple twin orientations within a single grain and permits the complete consumption of the parent by twin. The back-stress acting between the parent and twin is also considered and used for estimation of the twin-caused stress relaxation in the matrix (for details see p. 2459 in ).
Results and discussion
Acoustic emission data analysis
Raw AE signals recorded during tension and compression in the threshold-less regime (waveform streaming) are presented in Fig. 2 . The AE streams appear as time-series of burst signals with various amplitudes arriving randomly in time. The typical lenticular shape of the stream exhibiting a clear maximum indicates an uneven distribution of AE activity during straining. This effect is ascribed to the gradual reduction of the dislocation mean free path owing to the increasing dislocation density (M athis et al., 2011) . The difference in the AE response between the two loading modes is obvious. Distinct burst events are observable during the whole test in tension, whereas in compression the burst ceases to appear at higher strains. Two main AE sources have long been recognized in magnesium alloys: dislocation slip and twinning (Friesel and Carpenter, 1984; Heiple and Carpenter, 1987a,b) . Recent studies (e.g. (Isp anovity et al., 2010) ) indicate that macro-plasticity is realized through simultaneous breakaway of dislocations pinned at different places within the specimen. Since the continuum mechanics based calculations suggest that the AE signal emitted by a single dislocation is not detectable by conventional means (Heiple and Carpenter, 1987a) it is evident that the dislocation-type AE is caused by dislocation avalanches (Lebyodkin et al., 2013) consisting of cooperatively moving dislocation segments. This process is activated concurrently in many grains, thus giving rise to overlapping in AE pulses forming finally a continuous signal (Vinogradov and Lazarev, 2012) . In contrast, the twin nucleation is associated with an abrupt motion of strongly correlated twinning dislocations. Consequently, the twinning AE signals are high amplitude transients. The AE events originated from twinning usually have higher amplitudes and power than the dislocation ones. Nevertheless, owing to the concurrency of the processes the visual inspection rarely leads to satisfactory results. In our recent paper ( Capek et al., 2014) , the conventional k-means analysis was applied to hit-based (i.e. extracted by threshold) AE data. It was shown that both dislocation slip and twinning are active during straining, but the results describe only a general trend and a detailed analysis is missing. As it will be shown below, the ASK analysis applied here characterizes the dynamics of the system with significantly higher time-resolution and can distinguish not only between slip and twinning but it is also sensitive to activation of different slip systems.
As it is indicated above, the ASK analysis of waveform streaming data includes the following crucial steps:
The data are sectioned into consecutive frames. In our case each frame contains 2048 samples which means that a frame correspond to a 0.002 s "time window". Power spectral density (PSD) function is calculated for each frame.
The features of the PSD in the first frame define Cluster #1. PSDs in the consecutive frames are analyzed one-by-one. If the statistical properties of a given PSD are similar to those in an already existing cluster, this PSD is assigned to this cluster. If not, a new cluster is established. The conditions for new cluster forming are based on k-means method. When the clustering procedure is completed, a dominant AE source mechanism is assigned to each cluster, based on the characteristic features (e.g. energy, frequency distribution etc.) of the PSDs (more details see below).
Characteristic PSDs of the particular clusters
The classification of AE signals based on quantitative comparison of their Fourier power spectra reveals that all signals fall naturally into five categories having specific, statistically different PSDs. Average PSD functions for each cluster identified in tension are presented in Fig. 3 .
1 Their interpretation requires keeping in mind the fact that the final shape is significantly influenced by both the used AE transducer and the specimen. The 'broadband' feature of the transducer is achieved by dumping several resonant peaks that causes uneven distribution of sensitivity in frequency domain. The local maxima in all PSDs around 150 kHz and 450 kHz (upper harmonics) are caused by this effect. Furthermore, the specimens have their own resonant frequency, resulting in a distinct peak around 380 kHz.
Results of the clustering procedure
Despite the very similar visual appearance of PSDs, the clusters are statistically distinct. We obtained stable and consistently defined clusters by application of 3s criterion. So-called cross-plots, when two characteristic parameters of PSDs are plotted on axes x and y, are the most suitable form for presenting the results of the cluster procedure. In Fig. 4 such an energymean frequency cross-plot is shown. The colors represent the particular clusters and 95% confidence ellipses added in order to highlight the difference between the respective populations of signals. Some overlapping of clusters is comprehensible, since such a plot represents a 2D projection of a 7-dimensional space.
The results of clustering can be plotted also in 3D, as it is presented in Fig. 5 . In this case, we choose the following representation of the data:
The kurtosis of PSD functions and the mean frequency are plotted on axes x and y, respectively. The elements in the particular clusters are sorted out based on their energy into: a) low energy (E low < 5 Â 10 À4 a.u.) AE events b) medium energy (5 Â 10 À4 a.u. < E medium < .5 Â 10 À3 a.u.) AE events c) high energy (E high > 5 Â 10 À3 a.u.) AE events.
Afterwards we counted the number of events in the above defined energy ranges as a function of the values of kurtosis and mean frequency, in accordance with the cluster classification. This "number of events" is plotted on axis z. It is obvious from Fig. 3 . The shapes of the power spectral density (PSD) functions corresponding to the particular clusters identified using the ASK algorithm for tensile AE data.
1 Since the PSDs in compression look very similar, they are not presented here. Fig. 5a that only the clusters 1 (noise 2 ) and 3 (non-basal slip) are in the low energy range. Nevertheless, Fig. 5b shows, that cluster 3 contains significant number of medium energy signals, as well as cluster 2 (basal slip). Majority of signals in cluster 4 and 5 belongs to the high energy range (Fig. 5c ). It should be noted that only the compression data are plotted in Fig. 5 , since the tensile data are less illustrative. 
The color code used for clusters is the same as in Fig. 4 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
2 Dominant AE mechanism in the cluster e for explanation see the next section.
3.1.3. Determination of dominant AE source mechanisms in the particular clusters The dominant AE source mechanisms in the particular clusters are listed in Table 2 . They can be determined using a closer inspection of characteristic features of the clusters' elements. Further indicator is the strain (time) evolution of cumulative (i.e. gradual increment) number of events in the particular clusters (Fig. 6 ) and the corresponding cumulative energies (Fig. 7) .
It is evident that Cluster 1 includes the background noise signals, since it appears before the onset of deformation test and has a low energy. Furthermore, Cluster 1 exhibits broad frequency spectrum, which is typical for the background noise (Pomponi and Vinogradov, 2013) .
The remaining four clusters unambiguously have a microstructural origin. Similar to other authors (Dobro n et al., 2007; Lou et al., 2007; Vinogradov et al., 2013b) we observed activity of deformation mechanisms far below the macroscopic yield point.
The beginning of straining is accompanied by the appearance of Cluster 2 (Fig. 6a) . The events have medium energy (cf. Fig. 5b ). Above the macroscopic yield point number of elements in Cluster 3, having low and medium energies (Fig. 6a) increases significantly. If we have a look on the waveforms of these elements (Fig. 6a) , they exhibit a continuous character, which indicates a dislocation origin of the clusters.
The number of elements in the Clusters 4 and 5 starts to increase at slightly higher stresses (Fig. 6b ), but the energy of these events is larger than that for clusters 2 and 3 (Figs. 5c and 7) . This behavior refers to the nucleation of extension twins, which have higher energy AE response (Heiple and Carpenter, 1987b) and the CRSS for their activation is slightly larger than that for basal slip. Further, burst character of waveforms can be seen in Fig. 6b , which is in good agreement with observations of Heiple and Carpenter (1987a) .
Before we proceed to the detailed analysis of the strain (time) evolution of the clusters it should be noted that the ASK analysis does not preclude the possibility of concurrent activity of various deformation mechanisms. The method only tells us which deformation mechanism dominates at a given strain (time) level.
The dislocation slip generating the signals from Cluster 2 is activated at low applied stresses. This behavior is characteristic for the basal <a> slip, which has the lowest CRSS (Akhtar and Teghtsoonian, 1968; Chapuis and Driver, 2011) . The common feature of the dislocation slip related to Cluster 3 in both tension and compression is that its activity dramatically increases above the macroscopic yield point. As it will be presented in sections 3.2 and 3.3, this behavior can be associated with the activation of the prismatic <a> slip, having higher CRSS than the basal system. Its weak activity at the onset of the straining is most probably connected with the initial dislocation configuration, as it will be discussed in Section 3.2. The evolution of both basal and prismatic slip is slightly different for the particular deformation modes: in tension, the basal slip maintains its significant role in deformation throughout the test, even after the onset of prismatic <a>-slip. In compression, the basal slip is suppressed, once the non-basal slip is activated (see Fig. 6a ). Furthermore, in tension the non-basal slip become active later (at higher strains) than in compression. This result can be rationalized in terms of a smaller volume fraction of grains which are well-oriented for twinning (Agnew et al., 2001; C aceres and Blake, 2007) during tension, as well as the necessity of accommodation of deformation by dislocation slip once twinning is completed.
The distribution of the twin-related signals into two clusters is most probably connected with the twin size dependence of the PSD. At the beginning, the twins nucleate in 'virgin' grains, where they can propagate 3 quickly from one grain boundary to the other on the opposite side. As the strain increases, nucleation of further twin generations in the same grain is necessary to accommodate the local strain. Nevertheless, the path for twin propagation is limited by the already existing twins. Consequently, the elastic energy released by twin is smaller and the shape of the PSD changes. The dependence of the twinning clusters on the loading mode is also evident. In tension, both twinning-associated AE clusters monotonically grow with time (strain), whereas in compression the supremacy of the twin events terminates shortly after reaching the yield point. The detailed analysis of this phenomenon was reported in our concurrent work ( Capek et al., 2014) . Therefore, only a short notice is given here. The twinning mechanism can be sorted out into two stages: nucleation and growth. The twin nucleation is a quick mechanism with a characteristics speed of about 4400 m/s which is in the transonic regime (Finkel et al., 1970; Gumbsch and Gao, 1999) . Therefore, the emitted AE has a high power and is well detectable. On contrary, the motion of the twin boundary associated with twin thickening is slow (its speed is in the order of 10 À6 m/s) and therefore the twin growth is undetectable by AE (Papirov et al., 1984) . Bearing this in mind, we can conclude that, in tension, the twin nucleation persistently occurs during straining, whereas in compression the twin nucleation is negligible at higher strains. At this point, it is timely to recall the neutron diffraction results, which show a monotonic increase of the twin volume for both loading modes ( Capek et al., 2014) . This is possible only in the case when in compression a rapid twin growth takes place, as it is discussed in Section 3.3.
CMWP fitting of the neutron diffraction pattern
As an example, the fitting of the diffractogram detected for the initial sample and deformed by compression up to the strain of 6% is shown in Fig. 8 . The open circles and the solid line represent the measured data and the fitted curves, respectively. Fig. 9a illustrates the classical Williamson-Hall plot for the sample deformed by compression up to 6%. In this figure, the full width at half maximum (FWHM) is plotted as a function of the length of the diffraction vector (g). The instrumental peak width was subtracted from the breadth of the Mg line profiles assuming a linear addition rule for the instrumental and microstructural broadening effects. It should be noted that this rule is strictly valid only when both the instrumental and the microstructural profiles have Lorentzian shape, which in the case of the experimental curves might not be completely fulfilled owing to the experimental error. However, this method of the instrumental correction for the peak breadth does not call into question the reliability of the present WilliamsoneHall analysis, as only qualitative conclusions will be drawn from the plots.
The line broadening in Fig. 9a is very anisotropic, i.e. it varies non-monotonously with increasing the length of the diffraction vector. The hkl-dependence of the diffraction peak broadening in plastically deformed metals is usually caused by the anisotropic strain field of dislocations (Ung ar and Borb ely, 1996) . In this case the FWHM values can be arranged along a smooth monotonous curve by plotting them as a function of gðC hkl Þ 1=2 (referred to as modified Williamson-Hall plot). As an example, Fig. 9b shows the modified Williamson-Hall plot for the sample deformed by compression up to 6%. The dislocation density as a function of strain for tension and compression is shown in Fig. 10 . The dislocation density increases with increasing strain for both tension and compression. For strains up to 2% the dislocation densities obtained for tension and compression agree very well. However, at 4 and 6% the dislocation density in the compressed sample is slightly larger. According to our opinion the evolution of the dislocation density is significantly influenced by the twinning. The AE results, the ND and EPSC data (see Section 3.3) indicate a rapid twin growth and higher volume fraction of twins in compression, hence a larger contribution to strain accommodation. The dislocation density involves both accumulation and recovery terms. It seems that the recovery term is smaller in compression. This feature can be discussed in terms of dislocation transmutation upon the passage of a twin front (Niewczas, 2007; El Kadiri and Oppedal, 2010) . El Kadiri has shown that if the <a> dislocations cross the twin boundary, creation of sessile dislocations within the twins can be expected. (e.g. <c>-types, but they don't necessarily belong to a usual slip system). Thus, the annihilation of these dislocations is hindered. Further, the theoretical models predict a higher activity of <cþa> dislocations during compression, particularly in twins (Agnew and Duygulu, 2005) . Some experimental evidence of enhanced density of <cþa> dislocations was found also using transmission electron microscopy (TEM) (Bhattacharyya et al., 2009 ). Thus, the reduced dislocation annihilation and facilitated <cþa> slip can result in a higher dislocation density in compression at higher strains.
In order to verify experimentally the theory above, the fractions of the different dislocation slip system families were determined from parameters q 1 and q 2 using the procedure described in section 2.2. It was found that in the initial sample there was an abundance of <a>-type dislocations (about 77%), while the fraction of <cþa> dislocations was about 18% and the amount of <c> dislocations was small (5%). In the <a>-type Burgers vector group the majority of dislocations are prismatic or pyramidal edge. The screw fraction in <a>-type dislocations was about 3% in the initial case. Fig. 11 shows that the ratio of basal to prismatic <a>-type dislocations further decreased both during tension and compression at the strains of 4 and 6%. It is noted that the AE results are in agreement with this observation: the number of non-basal slip origin AE signals rapidly increases above the strain of 4% (c.f. Fig. 6 ). Unlike the radial detectors, where there is no significant difference in the evolution of the basal/prismatic <a> dislocation ratio for the particular loading modes, in the signal of the axial detector larger fraction of prismatic <a> dislocations was found for tension. Furthermore, in tension, the ratio of <a> and <cþa> dislocations did not change significantly with increasing strain (see Fig. 11a,b) . In contrast, in the case of compression the diffractogram in the radial detector suggests that the fraction of <a> dislocations increased with increasing strain up to 6% at the expense of <cþa> dislocations (see Fig. 11c ) while in the axial detector increased fraction of <cþa> dislocations was detected. The opposite evolution of the <a>/<cþa> ratio in the particular detectors is most probably a consequence of the quick twin growth during compression and the applied diffraction geometry. The direction of the axial detector is designated in twinning as in all volumes with the highest twinning Schmid factors the c-axes rotate to this direction. Therefore, the axial detector is very sensitive to the twinning process. Owing to the averaging effect in radial detector the contribution of the twins is less pronounced than that in the axial detector. Furthermore, in compression there are many grains with high twinning Schmid factor in which only one or two twin variants are formed. These twins can rapidly grow with increasing strain (Beyerlein et al., 2010; El Kadiri and Oppedal, 2010; Capek et al., 2014) ) and they significantly contribute to the (00.l) peaks in the axial detector, as indicated by the texture (see Fig. 13 in Section 3.3). In twins higher density of <cþa> dislocations is expected owing to the higher Schmid factor for 2nd order pyramidal slip in these orientations (Mur ansky et al., 2010a) . In addition, a significant part of <a>-dislocations can be transmuted in the twins into other dislocation types due to the interaction with twin boundaries (Oppedal et al., 2012) , while <cþa>-dislocations can pass through the twin boundaries without any transmutation (Mendelson, 1970) . As mentioned above, significant part of <a>-dislocations can transmute in the twins for different dislocation types. Thus, the fraction of <cþa> dislocation increases in the axial detector at the expense of <a> dislocations, as it is obvious from Fig. 11d .
In the radial detector, besides the twinned volumes the parent grains also have a significant contribution to the diffraction pattern. The <a>-type dislocations in parents were found strongly influenced by twin growth: i) the twin boundaries can act as barriers to slip dislocations ( (Serra et al., 1999; Capolungo et al., 2009) ; ii) dissociation of twinning dislocations can lead to formation of <a> dislocations ((Mendelson, 1970) . Both these mechanisms increase density of <a> dislocations in parent grains (Fig. 11c) .
In the case of tension, the strain in high twinning Schmid-factor grains is accommodated by nucleation of several twin variants ( Capek et al., 2014) . Since the growth of these twins is limited (Yu et al., 2014) the above discussed process is not so significant. In the axial detector, which the <a>/<cþa> ratio remains unchanged within the experimental error, whereas in radial detector slightly decreases.
EPSC modeling predictions and their comparison with the neutron diffraction results
The present EPSC modeling incorporated 20000 grains with random texture distribution. Based on previous papers (Agnew et al., 2006; Clausen et al., 2008 ) the following four deformation mechanisms were considered in the calculations: the <a> slip in 〈1120〉 direction on (0001)basal and f1010g prismatic planes, second-order (f1122g〈1123〉) pyramidal <cþa> slip Fig. 12 . The experimental and calculated (using EPSC model) stress-strain curves for both loading modes. and f1012g-type extension twinning. Since the maximum measured strain level was only 6%, the f1011g-type compression twinning e usually observed at higher strains (Agnew et al., 2013) e was not included in the analysis. The initial CRSS and hardening values used to fit the predicted macroscopic stress-strain curves to the experimental ones are listed in Table 3 . It is obvious from Fig. 12 that the coincidence between the calculated and measured curves is satisfying. The loading mode dependence of twinning indicated by AE results must significantly influence the development of the deformation texture. The inverse pole figures (IPF) at 0 h, 3 and 6% deformation for radial detector are shown in Fig. 13 . In compression, the intensity increases at 0002 pole with increasing strain in axial detector and a high intensity is evident at 101 0 pole in radial detector, respectively. This is a clear signature of rapid texture evolution due to extension twinning. In tension, a similar behavior is apparent, but the IPFs in the particular detectors behave exactly in opposite way due to the polar nature of the twinning. The maxima are approximately two times higher in compression, which is in accordance with the assumption of rapid twin growth in this loading mode. The predicted textures are in good agreement with the measured ones for all strain levels. Since in the implemented model the texture development is attributed to the extension twinning, these results prove its major role in the deformation process.
The comparison of the calculated twin volume fraction with the measured 4 one (taken from ( Capek et al., 2014) ) is presented in Fig. 14. In accordance with the texture development, the twinned volume in tension is smaller. The EPSC model slightly underestimates the experimental values, but the course of the calculated curves follow the measured data points well. The strain evolution of the number of nucleated twin variants, predicted by EPSC model (Fig. 15 ) and the evolution of the twin induced AE events (cf. Fig. 6 ) are in good agreement. In compression, the number of the nucleated twin variants within a single grain increases with decreasing Schmid factor (TwSF) for twinning (Beyerlein et al., 2010) . Since in compression there are more grains having high TwSF (>0.4) 5 (C aceres and Blake, 2007) and therefore lesser nucleated twin variants is expected in conjunction with Fig. 15 , where the number of nucleated twin variants per grain is shown. The same feature is presented in Fig. 16a , where in the ideally oriented grain (i.e. c-axis is perpendicular to the loading direction) marked as C1, only the twin variants having the largest TwSF (¼0.5) are nucleated. In the grain C2, deviated from the ideal orientation by approx 27 , four variants can be observed. It should be noted that if the parent grain departs from its ideal orientation by more than~46 , the twinning in compression is not feasible ( Capek et al., 2014) . In tension, there is an opposite trend. As it is evident from Fig. 16b , all six twin variants can be nucleated within an ideally oriented grain (T1), where the c-axis is aligned with the loading direction. As it is shown in our current paper ( Capek et al., 2014) , in tension the plastic deformation is not conceivable without twinning in low TwSF grains. Thus twinning takes place in larger c-axis vs. loading axis angle range (up to~64 ), which can be seen also in Fig. 16c , where in grains T2 and T3, twin variants having TwSF 0.04 and 0.01, respectively were nucleated. For such Capek et al., 2014) ). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) orientations four from six possible twin variants have negative TwSF. Thus there nucleation is not plausible. This means that in tension the number of nucleated twin variants decreases with decreasing TwSF.
In summary, the higher number of nucleated twins in tension can be rationalized in terms of the nucleation of several different twin variants in grains having orientation close to the optimal. The twin growth is hindered in these grains, most probably due to the twinetwin interactions which lead to formation of basalebasal and prismeprism tilt boundaries (Yu et al., 2014) . In contrast, in compression, where it is a large number of ideally oriented grains with only one or two twin variants, the twin growth is easier and twinned volume fraction is larger. This result is consistent also with AE findings in Section 3.1 (twin nucleation AE events: monotonically increasing in tension vs. terminated soon above macroscopic yield in compression).
The variations of the relative activity of each deformation process for both loading modes versus the applied stress obtained by EPSC modeling are depicted in Fig. 17 . In tension, there is a massive onset of basal slip and extension twinning already at low applied stresses. In the vicinity of the macroscopic yield point the prismatic <a> slip activates and exhibits a monotonically increasing behavior. The activity of the basal slip gradually decreases, most probably due to the decreasing volume of the favorable oriented grains. The activity of the second-order pyramidal slip is negligible. In compression, the macroscopic yielding is also associated with the decrease of the activity of twinning while the role of basal and non-basal slip increases. There are two remarkable differences with respect to the tension results. First of all the prismatic <a> slip is not so pronounced as in tension at higher stresses, secondly above the strain of 4% the contribution of f1122g〈1123〉 pyramidal slip slightly increases. The predicted CRSS for pyramidal slip is in good agreement with the experimental values (Yoshinaga and Horiuchi, 1964) .
The comparison of the calculated and measured elastic lattice strains is depicted in Fig. 18 . The non-linear behavior of the experimental internal strain data is qualitatively quite well predicted. The model satisfactorily describes the relaxation of lattice strains on {0002} and {101 3} planes as well as the load accumulation of the {101 0} and {112 0} lattice strains in radial direction in compression and in axial direction in tension. These reflections have parent ({0002} and {101 3}) and daughter ({101 0} and {112 0}) orientation for extension twinning with respect to these detectors, so they characterize this deformation mechanism. If we interchange the parent-daughter roles as well as the detectors, the agreement between the modeling and the experiment is weaker. Similar effect was reported by Clausen et al. (2008) , who substantiated the discrepancy with ignoring the stress relaxation in the parent grain by the model. The model well predict the early onset of the basal slip, associated with the slope increase of the {101 2} lattice strains. The evolution of the lattice strain on the {101 1} plane, characterizing prismatic <a> slip is underestimated by the model. The reason for that can be given by the high initial fraction of prismatic <a> dislocations (see CMWP results), which cannot be directly taken into account in the model. It is noteworthy that the model curves underestimate the experimental values in the axial direction in compression.
Discussion
In the present work a large number of various theoretical (EPSC) and experimental (AE, ND) results are presented. In order to have a clear overview about the agreement between the various outputs, we directly compared the particular datasets:
EPSC vs. AE
In order to get a better basis for comparison of EPSC and AE results, in Fig. 19 we plot the "relative AE source activity (RSA)" against the applied stress together with the EPSC results from Fig. 17 . RSA 6 describes the proportion of particular AE sources at . e Experimental (symbols) and calculated (lines) internal strain evolution versus the applied stress both in tension and compression for both detector banks. Fig. 19 . Comparison of relative activity of main deformation processes (basal and non-basal slip, twinning) for both loading modes (a) e tension; (b) e compression; versus the applied stress obtained by EPSC modeling and estimated from AE measurements.
the given stress level. For right interpretation of Fig. 19 it should be kept in mind that ASK method determines the dominant AE source mechanism in a given time window (see x3.1). It means that in the case when a given AE source is dominant for longer period (i.e. in several consecutive time (stress) windows), the contributions of other sources decrease to zero. On contrary, the relative system activity, calculated using EPSC model can handle the concurrently active deformation mechanisms. Thus, the evolution of the activities calculated by EPSC and AE may slightly differ. The AE method cannot make difference between the prismatic and 2nd order pyramidal slip. Thus, for sake of simplicity, only the three major deformation mechanisms: basal slip, non-basal slip and twinning are plotted in Fig. 19 .
Basal slip e both methods show activation of the basal slip in the early stage of straining. In tension (Fig. 19a ) the decreasing trend of activity of basal slip above 50 MPa is obvious from both EPSC and AE results. In compression (Fig. 19b) the increment of basal activity between 30 and 40 MPa can be seen. The EPSC at higher stresses in compression indicates a constant activity of basal slip, whereas the AE shows a nearly zero value. This effect can be explained by two reasons: i) owing to the intensive slip, the dislocation density in basal plane increases, which shorten the mean free path for dislocation glide and consequently the basal AE signal weakens; ii) since in compression besides the prismatic <a>-slip the <cþa>-slip is also active, the contribution of non-basal slip to AE frequency spectra dominates at higher stresses. Consequently, the fraction of "basal AE" decreases to zero (see comment above).
Non-basal slip e both modeling and AE experiment indicate dominant role of non-basal slip at higher stresses. The nonbasal slip in AE starts to be dominant later in comparison to EPSC, since around the yield point the high energy twinning signals "talk down" the lower dislocation ones. In tension (Fig. 19a) the AE results nicely show, how the activity of the nonbasal slip become dominant above 60 MPa. In compression the non-basal activity shows an opposite trend above 60 MPa. The EPSC result exhibits slight increment, whereas the AE results reveal a decrease. At such a high stresses in compression: i) twin growth takes place, which gives no AE signal; ii) AE response of basal slip is weak (see above); iii) the majority of non-basal AE events is a low energy one (see Fig. 5a ). Therefore, the noise signal (not plotted in Fig. 19) can dominate above the non-basal AE, which causes the decreasing of the proportion of the latter.
Twinning e both EPSC and AE indicate onset of extension twinning at low applied stress. In the range of 15e40 MPa in tension and 10e30 MPa in compression the twinning dominates over the all other AE source mechanisms owing to its large magnitude (cf. Fig. 5c ). In tension the trend of the EPSC and AE activity is in agreement. In compression the AE activity of twinning is close to zero above 30 MPa, which simply reflects the fact that the AE is not sensitive for twin growth, whereas EPSC takes this mechanism into account.
EPSC vs. CMWP
In this case it should be kept in mind that modeling gives the slip system activity according to the Schmid's law while neutron diffraction describes the slip system populations, i.e. the former method compares the easiness of the glide in the different slip systems while the latter procedure characterizes the density of various types of dislocations. For instance, EPSC calculation does not take directly into account the abundance of non-basal <a>-type dislocations relative to basal dislocations in the initial state. Thus, the reduction of the basal slip activity during deformation can result in the decrease of the basal dislocation fraction and finally it may yield the dominancy of non-basal dislocations among <a>-type slip systems. In other words, in the sense of Kocks-Mecking equation (Mecking and Kocks, 1981) , describing the evolution of the dislocation density during the deformation, the EPSC activity plot presented here describes only the dislocation storage term. In contrast, the CMWP gives the resultant dislocation density, i.e. both storage and recovery term. Further, we have to take into account that due to the experimental geometry used and the extinction rules not all dislocations can be detected It should be noted that the discrimination between the different slip systems in the neutron diffraction peak profile evaluation depends on their various influences on peak breadths. For instance, the hkl-dependence of diffraction line widths for <a> and <cþa> edge dislocations show opposite trends. This means that for a given reflection <a> and <cþa> edge dislocations cause broader and narrower breadths, respectively, relative to the width of reflections hk0. Therefore, the fractions of <a> and <cþa> edge dislocations can be determined with small errors. However, the discrimination between prismatic and pyramidal <a> edge dislocations is uncertain due to their similar peak broadening effects. Therefore, the two fractions are added and the sum is referred to as prismatic (or non-basal) <a> edge dislocations. It can be concluded that in many regards, the EPSC model and the neutron diffraction experiment are in agreement:
Basal and prismatic <a>-slip e based on the axial detector data the CMWP method predict increasing fraction of prismatic <a>-dislocations above 2% strain, which is in agreement with the higher relative activity of prismatic <a>-slip modeled by EPSC.
Pyramidal <cþa>-slip e both methods indicate activation of 2nd order pyramidal slip at higher stresses in compression and minim activity in tension.
Further remarks
The results presented above nicely demonstrate, how a combination of theoretical and experimental methods can lead to profound characterization of deformation processes in magnesium. However, this approach has a potential for deriving more perspicacious connection between the microstructure and the processes of the plastic deformation. Since a deeper analysis is out of scope of this paper, only a short notice about the further possible actions is given here.
As it was presented recently by Vinogradov et al. (2014) , the median frequency f m is bound with the dislocation density. For face centered cubic metals the relation f m $ ffiffi ffi r p was found as long as the plastic deformation is uniform (Vinogradov et al., 2014) . Such an analysis can be performed also for this dataset, since the ND results offers a possibility of direct verification of the above mentioned relation.
The modeling results can also be refined. The original EPSC model works with the assumption that the strain and stress within a grain are uniform. Therefore, the intragranular effects cannot be directly included into the EPSC framework. From the point of view of ND results this would be desirable, since these, so-called Type III stresses contribute to peak width changes.
A self-consistent model including dislocation hardening was worked out by Beyerlein and Tom e (2008) . They gave the evolution of the dislocation density as: 
where r gen means density of generated dislocations, r deb is dislocation density locked in debris and r ann is the density of the annihilated dislocations, and index a reflects the particular slip modes. They used further the Mecking and Kocks (1981) evolution model for dislocation density:
where the coefficients k 1 and k 2 represent the rate of storage of gliding dislocations at the dislocation forest obstacles or dislocation cell walls, and the rate of dynamic recovery, respectively.
Initial slip resistance, which depends on the slip mode a, work hardening due to interaction of dislocations with forest dislocations and debris, and twin boundaryedislocations interactions were taken into the account as the main contributors to slip resistance. The model was successfully used for describing the deformation behavior of high-purity Zr (Beyerlein and Tom e, 2008). The first attempt for comparing the output of this dislocation-density based model with ND results measured on extruded magnesium alloy was published by Clausen et al. (2010) and recently by Wen et al. (in press ). The results were promising, but a necessity of further development of both experimental and theoretical parts was concluded. A possible way for this development has been shown by Ahn et al. (2012) , who extends the original Kocks-Mecking model with an additional storage term associated with the twin spacing.
Conclusions
The loading mode dependence of deformation mechanisms in a pure, randomly oriented magnesium polycrystal was investigated at room temperature using various in-situ experimental (AE, ND) and computational (EPSC) methods. The maximum applied strain was 6%. It can be concluded that the particular results form a complementary dataset, which helps in getting a more precise description of the plastic deformation processes.
Generally, the novel potential of AE and ND experimental methods was revealed:
AE e using a proper analysis of raw AE waveform streaming dataset, high-time resolution information about the dynamics of active deformation processes can be derived. It is shown that the method is capable to make difference not only between dislocation slip and twinning AE events, but also between basal and non-basal slip events, and various twinning mechanisms. NDein combination with CMWP evaluation procedure, quasi in-situ information can be obtained about the fraction of dislocations in various slip systems. The evaluation method is capable for revealing the evolution of density of <cþa>, as well as basal and non-basal <a> dislocations with applied stress, which can be hardly realized with such a good statistics using other experimental methods.
Concerning the deformation mechanisms during tensile and compression tests in magnesium polycrystal, the following conclusions can be drawn:
Both EPSC calculations and AE experiments indicate a dominant role of the basal slip and extension twinning at the onset of straining. However, the macroscopic yield is accompanied by a considerable increase of the fraction of non-basal <a>-type dislocations, as it was shown by AE and ND experiments. Difference was found in the activity of <cþa>-slip, which is more significant in compression.
